Irradiation with intense ultraviolet laser pulses induced a large refractive-index change in 30GeO 2 ™70SiO 2 waveguide-grade thin films prepared by the plasma-enhanced chemical vapor deposition method, which contained a large amount of photoactive Ge 2ϩ defects. The maximum index change in the as-deposited films by KrF and XeF excimer laser irradiation was estimated to be 1.2 ϫ 10 Ϫ3 and 0.28 ϫ 10
Introduction
Silicate-glass-based integrated optical circuits are considered to be promising devices for optical telecommunications because of their greater compatibility with the present silica-glass-optical-fiber networking systems. So far, a troublesome photolithography process has been used to obtain a channel waveguide structure on the substrate. If direct writing of a waveguide structure on a deposited film is possible, the manufacturing processes will become simpler and thus much less expensive. For this purpose, enormous efforts have been made to sensitize germanosilicate glasses, which are normally used as the core material for optical fibers. For example, boron doping is reported to be effective to enhance the photoinduced refractive-index changes in core materials such as germanosilicate glasses. 1 On the other hand, a high-pressure H 2 ͑or D 2 ͒ treatment of the germanosilicate glass, H 2 ͑or D 2 ͒ loading, is known to be quite effective in increasing the photoactivity. 2 Actually, the direct writing of a channel waveguide has been demonstrated for the H 2 -loaded Ge-doped silica glass. [3] [4] [5] Recently an OH-flooding technique has also been reported to be an effective means of sensitization. 6 In these activation processes, an ultraviolet ͑UV͒ laser can induce a photorefractiveindex change of the order of 10
Ϫ3
. In this case, however, an unexpected hydroxyl group is produced in the H 2 -loaded and OH-flooded fiber cores, which largely increases the undesired optical attenuation in the 1.4-m region.
Development of highly photosensitive germanosilicate films is also required to improve its photorefractive-index change. 7, 8 For example, a large negative refractive-index change exceeding 10 Ϫ2 is reported for the sputter-deposited germanosilicate glass thin films. 9 Although many studies have reported on the photoactivated processes, i.e., the defect photochemistry, in germanosilicate glasses so far, 10 the origin of the UV-laser-induced index change has not been fully understood yet.
Recently the present authors have reported that the Ge 2ϩ center, which is one of the oxygen-deficient centers in germanosilicate glasses, is the most significant photoactive species among the defects in the glass. 11 In the present study we examine the photoinduced refractive-index change in the Ge 2ϩ -enriched germanosilicate thin film prepared by the plasma-enhanced chemical vapor deposition ͑p-CVD͒ process. The direct writing of the channel waveguides and the Bragg grating filter is also demonstrated.
Experimental Procedure
Germanosilicate glass films with a composition of 30GeO 2 ™70SiO 2 were deposited on silica or silicon substrates by a p-CVD method ͑Samco International, PD-10C͒. Silicon tetraethoxide and germanium tetraethoxide were used as Si and Ge sources, respectively. The vapors of raw materials were introduced into the chamber and decomposed to oxides in O 2 plasma enhanced by a radio frequency of 13.56 MHz and 250 W. The operating pressure and substrate temperature were fixed at 0.4 Torr and 400°C, respectively. The refractive index, film thickness, and transmission loss of the obtained films were measured by using a Metricon Model 2010 prism coupler. The initial refractive index and film thickness of the obtained films were 1.5098 and 8.7 m, respectively. The optical attenuation of the obtained films was estimated to be below 0.2 dB͞cm at 1553 nm. XeF ͑ ϭ 351 nm, E ϭ 3.5 eV͒ and KrF ͑ ϭ 248 nm, E ϭ 5.0 eV͒ excimer lasers ͑Lambda Physik COMPex100͒ were used as excitation sources. The repetition rate of both excimer lasers was set at 10 Hz.
Results and Discussions
A. Photorefractive-Index Change and Its Origin Figure 1 shows the optical absorption spectrum of the pristine p-CVD film. For comparison, that of the optical-fiber preform prepared by a vapor axial deposition method ͑Shin-etsu Chemicals, Japan͒, whose chemical composition in the core region is 15GeO 2 ™85SiO 2 , is also shown. At 5 eV the p-CVD film exhibits an absorption coefficient three orders of magnitude larger than that of the vapor-phase-axialdeposition fiber preform, indicating that the defect concentration responsible for the 5-eV band is 10 3 times larger. In addition, the peak top was observed at 5.16 eV, which is assignable to the optical absorption of the Ge 2ϩ defect. It is also known that the wrong bonding such as §Ge™Ge ͑or Si͒ § is observed at 5.07 eV. 12 Structural models of the corresponding Ge-related defects are summarized in Table 1 . 12, 13 It will then be safe to say that the main constituent of the 5-eV absorption band in the present p-CVD film is caused by the Ge 2ϩ defect. Figure 2 shows the photoluminescence ͑PL͒ spectra of the Ge 2ϩ -enriched film before and after excimer laser irradiation. After XeF and KrF excimer laser irradiation of 3 kJ͞ cm 2 , the PL intensity under 248-nm excitation decreased to 80% ͑XeF͒ and 10% ͑KrF͒ of the pristine film, meaning that in the latter case almost 90% of Ge 2ϩ defects was bleached out. Considering that the maximum bleaching ratio of the PL intensity in the solgel and vapor-phase-axial-deposition-derived germanosilicate glasses is reported to be as large as 50%, 14 it is obvious that the present p-CVD film exhibits a large photosensitivity especially for the KrF excimer laser irradiation. Therefore a large photorefractive-index change is expected for the present p-CVD film. Figure 3 shows the photorefractive-index change in the 30GeO 2 ™70SiO 2 film deposited on the silica substrate with XeF and KrF excimer laser irradiation. The refractive indices of films rapidly increased with increasing laser dose and became saturated below a cumulative dose of 2 kJ͞cm 2 . Almost 90% of the Fig. 1 . Optical absorption spectra of ͑a͒ p-CVD 30GeO 2 ™70SiO 2 film and ͑b͒ the core region of the fiber preform of 15GeO 2 ™85SiO 2 . ͓Spectrum ͑b͒ is magnified 1000 times.͔ Ge 2ϩ center was bleached out by the irradiation, which was estimated by the decrease in PL intensity. The maximum index changes by XeF and KrF excimer laser irradiation were 0.28 ϫ 10 Ϫ3 and 1.2 ϫ 10
Ϫ3
, respectively. The maximum value of the index change was dependent not on the total Ge content but on the amount of the bleached Ge 2ϩ . The ratio of the refractive-index change for KrF excimer laser irradiation to that for XeF excimer laser irradiation was 4.3, which was in good agreement with the ratio of the decrease in PL intensity of 4.5. In addition, the ratio of optical absorption change was reported to be 4.4. 11 These results confirm that the large refractive-index change in the p-CVD film originates from the photochemical reaction of Ge 2ϩ defects in it. In Subsection 3.B we tried to obtain channel waveguides by using the present photosensitive germanosilicate glass films.
B. Direct Writing of Channel Waveguide and Bragg Gratings
The channel waveguide structure was directly written by KrF excimer laser irradiation through the patterned Cr metal coating on the film. A schematic illustration of the waveguide structure is shown in Fig. 4 . Straight 8-m gaps were patterned on a Cr coating at intervals of 125 m by the conventional photolithography technique. The thickness of the Cr-coating layer was approximately 100 nm. The Cr-loaded p-CVD film was exposed to the KrF excimer laser light from the Cr-coated side until the cumulative laser dose attained 3 kJ͞cm 2 . A 488-nm Ar ϩ laser light was coupled to the channel waveguide written. To observe the light-guiding profiles of the channel waveguides, we monitored the PL around 650 nm from nonbridging oxygen hole centers from the top of the exposed film by a CCD camera through a sharp-cut filter ͑t Ͼ 500 nm͒. Figure 5 shows the light-guiding profiles of the ͑a͒ Cr-unloaded and ͑b͒ Cr-loaded germanosilicate film exposed to the KrF excimer laser pulses. In the case of the Cr-unloaded waveguide, a slight divergence of the coupled light was observed, indicating that the index difference between the core and the clad regions is not large enough. It is well known that the equivalent index of an oxide under the metal layer is higher than that of the uncovered region. That is, the index difference is considered to be increased by the metal-͑Cr-͒ loaded structure. As shown in Fig. 5͑b͒ , a straight light-guiding profile without divergence was observed for the Cr-loaded waveguide. Figure 6 shows the near-field pattern of the Cr-loaded waveguide of 1 cm long exposed to KrF laser irradiation of 3 kJ͞cm 2 together with the light-intensity profiles parallel and perpendicular to the film. The N.A. ͑numerical aperture͒ values parallel and perpendicular to the waveguide were calculated to be 0.14 and 0.38, respectively, as estimated by
where max is the critical angle of the incident light relative to the waveguide. The refractive-index difference between the core and the clad regions was then calculated by sin max ϭ ͱ2⌬n , where ⌬n is the index difference between the core and the clad regions. ⌬n was calculated to be 6.6 ϫ 10
Ϫ3
, which was larger than the refractive-index change due only to the photorefractive effect ͑see Fig. 3͒ . The near-field pattern of the Cr-unloaded waveguide is also shown in the inset, which is obviously asymmetric. The N.A. value of the Cr-unloaded waveguide was impossible to measure.
The planar channel waveguide with Bragg grating was fabricated by successively irradiating the Crloaded-type waveguide with a KrF excimer laser. At first, the Cr-loaded channel waveguide was fabricated by irradiation with the KrF excimer laser ͑140 mJ͞cm 2 per pulse, for 5 min͒. Next, the grating was written by further irradiation ͑51 mJ͞cm 2 per pulse, for 15 min͒ by use of a phase mask method with the first-order interference mode of which the grating pitch was 520 nm. Figure 7 shows the transmission spectrum of the obtained optical filter. A 27-dB attenuation of the incident infrared light with a halfwidth at half-maximum of 0.2 nm was observed.
The combination of the photosensitive film and metal-loaded waveguide structure makes it possible to obtain a channel waveguide with a Bragg grating filter structure by fewer processes.
Conclusion
A highly photosensitive germanosilicate thin glass was prepared on a silica glass substrate by use of a p-CVD method without any extra treatments such as H 2 loading. The maximum index change under the irradiation of a KrF excimer laser was over 10
Ϫ3
. The origin of the photoinduced refractive-index change was considered to be the photoactivity of the Ge 2ϩ centers. A channel-waveguide-type Bragg grating was fabricated by use of direct writing with UV laser beams. It is proposed that the direct writing of the waveguide on the present photosensitive germanosilicate glass film with a Cr-loaded structure offers a rather simple process for the fabrication of planar waveguide devices.
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